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The preliminary report that forms the basis for this series of papers
was concerned with yellew fever virus growth in various tismue culturc
systems.1 '

=

Sensitivity comprises those factors concarncd with thc inltiatfon of
the infectious cycle at minimm multipTLCities.

Capacity refers to the maximum detected virus concentration resultxngﬁ
from miltiple infectios cycles. - i

o

ABSTRACT

A number .of primary and established tissué cultures were examined for
thelr susceptibility to yellow fever virus, with the most intensive study
directed to HeLa cells., The following resultsowere obtained: Of those
cultures that were susceptible, three different patterns of dose response

. were obtained that were interpreted as different possible manifestations

of interference. HeLa cells, which were among the least .sensitive to low
infection multiplication, had the greatest capacity (highest yields).

Subjecting cultures to wash cycles betwﬁen 15 minutes and 2 hours

- post-inoculation increased the sensitivity (detectable virus) of such

 that were“studied were all susceptible, comparable in capacity, but variéd )

cultures 100-fold, increaséd the Tate of virus multiplication, “and had
no effect on the peak titer (capacity). The HeLa cultures weré found to
be composed of different (morphological) clonal types. Three of these

in their sensitivity. R
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" ﬂ"";;*‘fiiﬁi’were “employed in the wash-treatment proceduré.

L. TRFRODUCTION

The first’ study concerned with yellow fever virus in a tissue culture
system was reported by Haagen and Theiler® in 1932, Of the various tissues
that were surveyed for their susceptibility to the French (neurotropic)
strain, chick embryo tissue proved to be most susceptible, In 1936 Lloyd
and colleagues® _indilcated that-minced mouse embryo tissue would support
growth of the Asibi strain of vellow fever v1rus‘{q4pantropic .strain) and
‘that chick embryo tissue would notv Eagle et al in 1956 reported that a
cell line (KB), derived from a -human epidermoid carcinoma of the floor of
the mouth, was susceptible to yellow fever virus. Hallauer® in 1959 has
since confirmed the susceptibility of KB cells to Asibi strain virus.

The purpose of this paper is to report on the various tissue cultures
that support the growth of Asibi strain virus and to point out factors
that infiuence the rate of growth of this virug in one such cell- culture
system., < . ‘

™ °

. The :Agibi strain of yellow fever virus as a 10% suckling mouse brain
- suspension was obtained through the courtesy of Dr;-Max Theiler of the
" Rockefeller Institute of Medical- Research, The second of two monkey .
-plasgs transfers and a final mouse brain. passage-were used for the prepa- '
" . ration of lnnter and stock see3 pools, respectively, the latter having
a'titer “of. 166.5 nouse intracranial (MIC)" LDsg/gm of mouse brain.” In<
. fection of monkeys with the stock+vseed virus 1nd1cated that the vitus tiad
retained its established viseetotropic characteristics.

<
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. -Bs 5TIS§UE CULTURES - - == : o <o

° Varioug monolayer cultures,“prepared from pfimary tissues and estab- .
lished cell lines, were propagated, in the yeast extract’ proteose peptome -
no. 3 medium of Mayyasi and Schurrmans.® Primary tissues used were monkey
Sp}een, Iiver, heart, lung, and kidney, The established cell line cultures

o and thelr sources are listed im Table I, ° - > S

o

a

C. WASH TREATHENTS

<
&

To insure the dilufion.of cellular and/or viral material after infec-
tion, a T-60 flask was subjected to four alternating cycles of removal and
addition of medinm, The removal was effected by aSporation, the addition

- compriged a 20-ml volume of fresh medium., A total of 80 milliliters per

II. METHODS ~= G e e

A. VIRUS STRAIN  ~ ° , L s

<

=

&N



u

A.
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MICLD g4 /ml.

JABLE I.

PR e
S

ESTAémsm tELL LINE cuwum?s

LY

AND THEIR SOURCES

Tissue Culture

“Sourca

- Huwan amnion (HA)

Human heart (HH)
Human (embryo) lung (EHL)

Human cervix (HelLa)
Swine kidney (PK)

Mouse lung (AML)
Bronchosarcoma (MABEN)
Mouse .fibroblast (L)

Fogh and Tund (1937)g
Girardi et al (1957)%°

Henle and Deinhardt (1957)%%

Scherer gt al (1953)“3
Harris (1939)"
Isolated in our 1aborat0ries

Frisch et al (1955)*¢

vSanford et al (1948)%°

D, MOUSE TITRATION

‘. R ( ) . -
The virus was titrated in Swiss albino mice and inoculated intra=

cranially with 0,03~ml quantities of serial tenfold dilutions of virus.
Ton mice were used for each dilution.
lated by the method of Réed and Muench’
- of wyirus contained in one milliliter,

The MICIDg

50. endpoints were calcu-

the third and the fourteenth days, inclusive, were u&gdyig the final-

calculatxons.

<

<

STABILITY OF VIRUS

- > - o

>

III. RESULTS

o

and éxpressed as the concentration
The deaths that occurred between

=

. Since evidence for the growth of virus in tissue culture was to be
based on jncreases in infectious activity contained in successive super- -
natant fluld samples, it was necessary to determine to what extent the
tissue culture environment was deleterious to, the infectious virus popu-

lation.
37°C was tested,

o

Thus, the iractivation of Asibi virus in tissue culture media at

©

“"Asibi strain virus was suSpended in either medium 1998 or yeasc extract
protecse peptone medius’ ; each of these media was supplegented with 20 per, -

esnt horse serum (HoS).

Final concentrations of virus were adjusted to 10
All cell-free flulds containing virus ware placed in 4 water

bath at 37°C and sampled at two-hour intervals for eight hours.

o om

4




o ,;,cg;,Day pﬁak;tl.er sailnhtained‘+44,44,44,4444:

The zesults showed that both basal media were deleterious to tRe virus;
hawever, the incorporation of WeS appeared to retard markedly the very
rapid titer decline., The rate of inactivation in cither of tha medis sup-
plementad with HoS approximated ona log of inrectioua virus par four hours,
which was comparable to the findings of Fox'® with the 17D atrain under
similar conditions.

<

<

B. GSCREENING OF TISSUE CULLURES

The first experiments were"designed to test variousg tissue cultures for
their susceptibility to the Asibi strain of yellow fever virus, Menolayer
culture preparations were inoculated with virus and incubated at 37°C for

- 8ix days. Paired tissue cultures were inoculated with 102 or 104 MICLDgq

doses, réspectively, Samples were removed dailv and titrated in mice.

Data that show the day post=inoculation when maximum virys titersuwéré :
obtained sire found in Table II. These results indicate that peak virus -
titers, under thege conditions, occur at the 104 to 105 MICIDgy/ml level
in all susceptihle cell populations tested, with HeLa the only exception,

"HeLa showed no detectable virus growth after inoculation with the -low

dose, although titers as high as 107 M[CIDsg/ml were obtained after in-
oculation with the high dose. Results of many trials with Hela cells

inoculated with Asibi. strain virus showed that peak virus titers ranged
between. 108 and 107 MICIDsg/ml with the 10% tnoculum; the 102 dose, .
however, always remained undetectable tﬁroughout the six-day period,

<

< 2 P

N

Soos ST TABLE II. SCREENIHG oF TISSUE CELLS FOR THEIR s,
SR |, SUSCEPTIBILITY.TO YELLOW PEVER VIRUS. -~ .
o . .,o B
o i. = 88 LT ) = ' E - hd
’ - - Tissue = -~ . : ’ Pegk,Titers .
. e Gulturesﬂf 3 B After Infectin& With: . 7
s S o - 107 MICIDsg/ml 10% MICLDgpml .
=" ” Mouse kidney : : 3.oh7 s 41 (2d)
Dog kfdney 29 (a) 4.5  (4d) .
- Wﬁ%ng) Pibr. 4.8  (2¢)
- ouse Fibr.) _ 5.0 (Sd) 3.4 - (24 .
- “Mouse-. Lung - ‘ . 4.8 (54) - 3,6 &3d) . '
’ Human Amnion 3.3 T (4d) v 3.9 (6d)
Human Lung (Emb,} - 5.8  (4d) 5.2 (5d)
Human Heart 2.9 (4d) 5.6 (3d)
Swine Kidnay (PK) 3.5 (24) 5.9 (3d)
HeLa <2,0 (6d) 7.0 (6d)
HeLa (7th Passage Virus) >8.0 (3d)

a, Monkey hrain, heart, lung, liver, spleen and kidney
(primary cultures) and Cuinea pig lung, Human liver,
and Maben (stable lines) wete Lnbu~cept1ble.

b, Llegn
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‘Monkey tissue culturap wore preparved as Maitland-type cultures witholt
the eld of trypsin, Virus-sultiplication could not be detected in cither
the supernatant or the tissue fraetlons follewing .inoculation, Virus multl-
nlication was also undeteeted In trypsin-tronted monolayer cell .eultures of
Maben and primary chick smbryo cells. Mitrosconic examination of all cu:—
tures iuvoculated with the Asibi strain of yellow fever virus were negative
for cytopathic affaects,

Whesr the data were grouped according to rates of virus growth ipitiated
‘hy low and high Inccula, two general patternms were observed and-a third
indicated only the HeLa coll (Figure 1), . :

= i “

C. °PATTERN I
Peak titera were found to be prOportLonal to the virus c0ncentratzcn
in tha inoceulum, Kidnay tissue cultures of swine, mouse, and dog, and the

heart and amnioh human cell lines conformed to this pattern type. .

D, PATTERN II

Peak titers produced were inversely rélated to the virus concentration _
contained in the inoculum. Established lung-cell cultures of the humai, .
the mouss, and the L cell line respended. to the Virus in fﬁts“manner.c The=—--—
cenfiguration indicated by this type of vitus growth suggested that auto- #
interferernce was responsible for the results, inasmuch as the greater

inoculum served only to malntain a more or less static §1ra[‘concentration, A .
while the more dilute ddnoculum resulted in- significant dncreasés during
the six<day period of incubation. ' . . .

) ’ ° ;7,: : ; §H ~ » o
E. PATTERN III : o . LT

A marked dose response, which was associated only with the HeLa cell
culture, ranged from the maximum yicild (Table I) to ugdetectéble viruas

. concentrations (Figure 1) following inoculation of 10" and 102 MICLDgg
~.doses, respectively, Thus, HeLa was shown to hdve the greatest capacity
“(ability to produce maximum virus concentrations) and yet the least sensi- .
tivity (ability to be infected at minimum virus concentrations) when com- -
pared with all other susceptible tissue cultures employed in these studies.

The slow rate of virus multiplication, however, was evidemt in all
patterns when compared with that of a member of the group A arthropod-
borne viruses, i.e., Venczuelan equine encephalomyelitis (VEE)'? under
gimilar conditions. Thoa posalbility was considered that the apparent v
slow rate of Asibi virus multiplication was due to its rapid rate of imn< -
activation, which may conceivably have masked grcwth rates comparable with ~
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‘Swine Kidney
T Mouse Kidney
o : Dog Kidney
- : Human Amnion
E Human Heart
2 S
o) = "
a
e —d
-1 1
s \- Mouse Lung
oY ] . ’ :
J . - N
- — . -+ " Humanlung
| oL e
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S 108k , - | | ~ m
. o 107 ' S ' | » Hel o
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: Figure 1. Patterns of Growth of Yellow Fever Virus,
‘ Asibi Strain, in Various Tissue Culturés.
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‘uarlier and reaehad paak earlier with the hibhesﬁ inoculum.

o)

10 . .

[t

© e o v
“ . >

those reported for Lhe group A &Lthlouod ~borne virucestys “a3- T Hows »o:,'
virug grewth rates even in pattern T appesr .to indlcata sowe degrac of
inhibition; inasmuch as peak virus concentrations schieved with the low’
dose weve significantly less than these obtained with the higle dosa, ¢
The reciprocal relaLionshlp in the dosa-rgsponsa curve of patteri IT

has baen accepted ag a "elassle" exauple of auto-imterfereancs,®® :

ditn respect to patteyn III, howevor, it wn of epecial iﬂbtlpnt that

Hela cclls wera apparently insensitive to low doses (YOz MICLDg5n), al-

though their capacity to produce high virus titers when infected w%}h the
high dose (10% MICID5() was better than that of all other cell linds '

tasted, Fxperiments detailed in a later gection show that ths apparenz
insensitivity of HelLa ecells to the low virus dose was due-to some tv

of interference, . . e

"O

If an interfering or inhibiting substance were present in the-inoculum
or cells could its concentration be reduced by repéated washing? A Hela.
cell culture that was subjected to a single. post-lnoculat1an'wasn tréatment
with 104 MICLD5q was compared with an tonwashed similarly inoculated culture
Results are expressed grapﬁlcally (Figure 2) and -dndicate that with 10
MICLDg, the rate of virus growth, from the time of inoculation until the

4,>atnuwnment of peak titer, was related to the wash cycle during the early

phase of virus growth. Peak titers were obtained from the culture treated
with a single wash cycle in about half the time necessary for the un-
washed culture. It was found in further experiments that no effect dué
tc=washing.was obsexrved beyond two houry post- -inocuiation,

. In.view of the results Bhown in Pigures 1 and 2, an experimEnt was:
next dosigned to test the effect of washing on the sengttivity and eapacity
of the HeLa cells. Five Hela cell flask cultures were subjected to a pre~
inoculatidn wash cycle. Each culture was inoculated with a one-milliliter -
dilution of Asibi strain virus, The dilutions ranged in tenfold increments
from 10-1 through 103 MICLD50. -All cultures were incubated at 37°C, “und
one hour later the excess {ndculum was removed by washing. Supernatant
flulds were removed *from all cultures every 24 hours, and the cells washed
with fresh medium, The Supérnatant fluids from these cultures amt a Hela
cell culture fnoculated with 104 MICLD5p, but subjected;to a single post-
inocculation wash treatment only, were titrated for vizus content at daily
intervals, ‘ . e

N . e
X ) g .

¢ Sarg}es obtazned frem Hela cell culturasﬁsubjecrad tG repeated washes

Apre- and post~ inoculatlon'thrﬁugﬂout the. six-day period wor titratad

(Figure 3), 'Phéss eurves showed that repedted washing, pro- and poste

. “imoculation, increases the stnsitivity of HeLd cells 100-fold, so that .an
‘inoculum containiﬂg 102.2 HICID50 could be deteeted, No growth occurred
‘with a 1012 inoculum. Tho capacity of HaLd colls in teorws. of virus
. ylalds was unchanged whether or not a wash eycle was performed (Figure 2)
‘The size of the inoculum had no effect on eapackty, nor ou the rate of

virus. multiplication, but as with other virusos, maltiplication stazbed

S Z - - - - S .
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Flagure 2.- Growth of Yellow Fever Virus,
Asibi Strain, -4in HelLa Cultures. |

N

(Asvbi Strasin) in HcLa Call CulLure.

107 - tnciutum: 1052 R - dnoculum: 1037
103 0% k-
e i03
:g " s - E - I
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B e s e s T 6, 20 2. 3 4
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Figure 3., Exponential Growth Pattern of Yellow Fever Virus
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¥. -SUSCEPTIBILITY OF CLONL. OF Hela CELIS -

_Tests were made to determine whethar Hel.e cell cultures consist of a
mixed population of varying suscewutibility, Efforts were, thersforaq,
dirocted toward obtaining different eclonal types of cclle and then to
determine the rate of virus growth in those various clomes. The arant_.
HelLa population wan cloned according to tha mathed of Puck,et gi» Gm~
ploying the yeast extract protooge paptone used in carlier experiants.

Pour morphologirelly diffevent clonal types were obgerved in the first .
cell transfer., After clonas were carried through two additional trantfens

to insure ralative homogeneity (Figure 4) they ware characterized as
follows: , ) 5

o
i

1, Glone A

B Characteristically, this clone was of densely packed small cexls
that tended to grow katorally and vertically ralative to the platipg
surface, Macroscopically, the clone iad.the &ppearance of an opaque white
button, Clones of this type represenﬁcd approximately 40 to 45 per cent of
the populatxou.

:

2, Clone B ..
’ Cells ghat comprieed thig-clone. wgre 1ess dens&iy packad than in
clone A, The clone was comprised of large cells that tended to grow
laterally over the plating surface. Macroscopically, this clone enéom=
. bassed a larger area and was nelther as opaque nor as convex as clomne A,
In addition, the frequency of isolation- was usually 0.} that of the clone
A type and _thus reptesenaed aFout four to five per cent of the populatien:

3" Clone C . ;l o - o ’ : K RS L
= H N .:3
Cells of this clonal type were sparsely scattered large calls,, 'ﬁn 8
usually polar-connected, that mpread eccentrically over the platingoaurfae&k
Macroscopleally, this clone appeared to ba translucent. “In normal pareat
populations of Hela, clones of this type were isolated with d1ff1cu1ty, andx

> b) N *

rnprosented about one to two per cent o£ the pOpulatlcn. - I

4, Clone D o , \ o

Micxoscopic examinatfon of cello of this clone showed Chem te b .
relatively largs and so thin that they were diffiecult to detedt, Thay = .
had wo defined spatial arrangement. Unatained clonss wore not vlsible
macroscopically, and transfer had to be c€focted with the aid of s m4gr¢- 4
scope or by staining with neutral red, Clones of this type were most . ooa
abundant and represented 45 to 55 per cent of the population. o Afv ‘
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- (lones A, B, avé'D grown in E-60 flaaas were tested For dizre;cnoos in ‘

sugsceptibility to Asibi styain virus, All flasks were inoculated with 107
MICIDgg- of Asibl strain virus and incubated far six days at 37°C. The
cultures were not subjectéd to pra- or post- ~incculation wash cyclés, Tha -
results of titvation with 0.5-ml daily samples 1nd1cated marked differences
between tha clOﬂGS (Figure 5).

Clones A and D showed varying degrees of response to infection, which

i_v,'as réflected as an inability to demonstrate virus maltiplication during
‘the first three daye of incubation. No virus was detected until the 120th

houprs in ece¢lls of clone A and 96 hours post-inoculation in clone b, On
the other hand, considariyble virus yields were obtained with clone B
thypoughout the first threesday period, ecven though no effort was mada to
reduce the affects of. interference, The peak virus growth in cloné B

;occurred in half the time obsarved for the uuwashed and uncloned cell

population, Differences with respect to’ time were observed when one:

.clonal element was compared with another, Thus, although sensitivity of
. " the uncloned population is dependent on environmental manipulation (pre~.

and/or post=incculation wash cycles), experiments with cloned populations
ind{cate that sengitivity is a function of the host cell (e.g., B clona).
Tha interactiofi by different clonal types in a mixed pOpulatLon are un-
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“of the inoculum apd supernatant £luld by repeated washing up | to:two hOUtS‘

IV, DISCUSSION

Various tigaue cultures have been shown to have differing abilities to
support the growth of Anibi strain yollow fever virus. The basic criterion
of susceptibility was an increase {n the concentration of virus in the super-
natant fluid of such cultures subsequent to incculation, regardless of
magnitude. The reaults of dosea-rosponse and growth curvesg indicate that
cultures may also _ba classified in terms of sensitivity and capacity ag
defined earliar. : ) -

A comparison of all susceptible tissue cultures tested showed that
varying degrees of integference were manifest in thase systems. In ad-
dition, Hela cells werc ahpwn to have the greatest capacity for Asibi strain
virus multiplicatjon, but fin contrast, proved to be the least sensitivs
(sge pattern II11) to the virwa under test conditions.

The virus growth in cells under pattern II differed from pattern I in
that the former rapresents classic auto-interference, while the latter-
dose-responde - curve appears associated with either of two possibilities,

~ both of whichiwere based on titers contained in serial amples of super-

natant ftuid:’ (a) Cell populations less susceptible to progeny (Hela cell .
derived) than’to parent (seed) virus; or (b) the existence of an inhibitor “f§¢

substance &f.cellular origin that retarded the infettious. cyclem\ The VS
low {neculating dose of.pat;ern I never resulted in»the compaﬂabletﬁg ko TSN
- titer levels of the high dose. e - «Q,\ N B P
= <§” w S K\ . oo
Pattern 1T (HeLa)\SUggested an interfereﬂceoé@ntgmadtﬁferent Ercmvc e N
the other two., The Hela cells showed the greatest capacity tb support’: iﬁig\: .

the growth of Asibi strain virus, but they were telativeiy\insensitive to \~1 Era
low multiplicities, Thus, with HeLa.the~ exlgtence of an interfering ar ;»va‘: =
inhibitor substance upon virus infection appears highly probable, ‘Sendi- .

tivity of HelLa to Asibi strain ¥irus was shown to increase with dilutfbns*_\
\f\\‘
: s
post« inoculacion. . S ‘ . - .,- N T

The results obtained in a survay of the sensitivity and cuuacity of -
untreated (unwashed) Hela cell clionas indicated that if an intetﬁering or
inhibitor substance were responsible, it was clono-specific. Bach clone
inoculated showed different- gensitivitias based on the time required for

“detection of vivus multiplication. The capacity, however, to propagate

Asibi strain virus of all clones tesated was compurable, S8ince clone 3
calls showad a marlked sensitivity to Asibi strain virus and the cells of
either clone A or-D did not, and since thess clones xopresent at least
threo of the olemants that comprise the total HeLa call population, it

1s reasonable to believe that the varied dosc-response sensitivity

(102 va 104) observed with tha parant HeLa cell population was due for
the wost part to the cellulay components of the Haol.a population, and less
to viral effects of the inoculum,
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